Introduction
============

Chronic myeloid leukemia (CML) originates from the t(9;22) chromosomal translocation that results in the BCR-ABL1 fusion gene and constitutive activation of the BCR-ABL1 tyrosine kinase in hematopoietic stem cells.^[@b1-1051274]--[@b3-1051274]^ CML stem cells are quiescent,^[@b4-1051274]^ yet can self-renew, proliferate, differentiate, and promote expansion of the myeloid lineage. The development of imatinib and other tyrosine kinase inhibitors (TKI) has made CML, once a deadly disease, highly manageable with a 10-year overall survival rate of over 90%.

Although extremely effective in eliminating proliferating CML cells, TKI are inactive against quiescent CML stem cells, despite inhibition of BCR-ABL1 activity,^[@b5-1051274]--[@b7-1051274]^ and several clinical trials have demonstrated that approximately 50% of patients eventually relapse after ceasing TKI therapy.^[@b8-1051274]--[@b11-1051274]^ Long-term treatment with TKI is expensive, and may lead to the development of inhibitor resistance, or intolerance to therapy. Furthermore, the persistence of CML stem cells contributes to the generation of new clones with additional acquired mutations, which can lead to progression to acute disease over time. Thus, eradicating CML stem cells is the ultimate goal in curing CML.

Numerous combinatorial strategies have been proposed pre-clinically and shown to be effective in eradicating CML stem cells.^[@b12-1051274]--[@b16-1051274]^ Among them, concomitant targeting of anti-apoptotic BCL-2 proteins enhances TKI activity in CML,^[@b17-1051274]--[@b19-1051274]^ and we demonstrated that BCL-2 is a key survival factor of CML stem cells, and targeting BCL-2 with ABT-199, combined with a TKI, enhanced eradication of CML stem cells.^[@b20-1051274]^

Among its numerous tumor suppressor functions, p53 activates the expression of the pro-apoptotic BCL-2 proteins BAX, PUMA, NOXA, and BID triggering apoptosis.^[@b21-1051274]--[@b23-1051274]^ Altered p53 and MYC transcriptional network in CML stem cells was recently reported, and targeting both p53 and MYC selectively eliminated CML stem cells.^[@b24-1051274]^ Activation of p53 by inhibition of SIRT1 or MDM2, in combination with TKI has been explored in CML.^[@b25-1051274],[@b26-1051274]^ We reported that TKI in combination with the MDM2 inhibitor nutlin3a enhanced apoptosis induction in proliferating and quiescent blast crisis CML progenitor cells *in vitro*.^[@b27-1051274]^

The expression of p53 can be induced when cells are stressed, including those associated with oncogenic stimulation. Like other oncogenes, the hyper-proliferative signal from *BCR-ABL1* can activate p53 and induce cell cycle block and senescence to counterbalance oncogenic stimulation signals. This may also contribute to CML stem cell maintenance. However, the role of p53 signaling proteins in BCR-ABL1 oncogene-driven CML/CML stem cells and the response of CML stem cells to the combined MDM2 and BCR-ABL1 inhibition have not been fully investigated.

Using an inducible, stem cell promoter (Scl)-driven transgenic CML murine model (Scl-tTa-*BCR-ABL1* mice),^[@b15-1051274],[@b20-1051274],[@b28-1051274],[@b29-1051274]^ we here determine the expression of p53 and its signaling proteins in bone marrow (BM) cells and lineage-SCA-1^+^C-KIT^+^ (LSK) cells from CML and control mice, and in BM cells in CML mice treated with the MDM2 inhibitor DS-5272, the TKI imatinib, or both, using novel CyTOF mass cytometry, which measures single-cell protein expression in phenotypically-defined cell populations. We also investigated the anti-leukemia activity of combined MDM2 and BCR-ABL1 inhibition in this model.

Methods
=======

Mouse model and cells
---------------------

Mouse experiments were performed in accordance with MD Anderson Cancer Center Animal Care and Use Committee approved protocols. Scl-tTa-BCR-ABL1 FVB/N mice^[@b28-1051274],[@b29-1051274]^ were provided by Dr. R. Bhatia (University of Alabama at Birmingham, AL, USA). BM cells were collected from mice 3-4 weeks after tetracycline cessation (Tet-off) or from controls (Tet-on).

Human cells
-----------

Cells from newly diagnosed chronic phase CML (CML-CP) patients (*Online Supplementary Table S1*) and normal controls were obtained as described in the *Online Supplementary Methods*.

Real-time polymerase chain reaction
-----------------------------------

Real-time polymerase chain reaction (RT-PCR) was carried out as previously described^[@b20-1051274]^ using freshly isolated mouse or human BM cells. Primers are shown in *Online Supplementary Table S2*. The abundance of each transcript relative to that of *Abl1* or *ABL1* was calculated using the 2^−DCt^ method, expressed as copies of each mRNA/1000 copies of *Abl1* or *ABL1*.

Western blot
------------

Western blot was performed as described previously.^[@b20-1051274]^ Antibodies against human p53 and BAX were purchased from Santa Cruz (Dallas, TX, USA).

Mass cytometry
--------------

Mouse BM cells were stained with metal-tagged antibodies for cell surface markers and intracellular proteins (*Online Supplementary Table S3*) and subjected to mass cytometry (CyTOF) analysis as previously described^[@b16-1051274],[@b20-1051274],[@b30-1051274]^ and as briefly described in the *Online Supplementary Methods*.

Mitochondrial priming
---------------------

BH3 priming assay as previously described^[@b31-1051274]^ is described briefly in the *Online Supplementary Methods*.

*In vivo* experiments
---------------------

GFP^+^ CML cells from donor mice as previously described^[@b15-1051274],[@b20-1051274]^ were injected (0.6×10^6^ cells/mouse) into FVB/N recipient mice (The Jackson Laboratory) irradiated at 900 cGy. After CML developed, assessed by flow cytometry measurement of GR-1 (LY6G)^+^ cells, mice were treated daily (oral gavage) with imatinib (100 mg/kg; vehicle: acidified water, pH 5.0) for four weeks, DS-5272 (50 mg/kg; vehicle: 0.5% w/v methylcellulose 400) for two weeks (initiated two weeks after imatinib group), imatinib for two weeks and then plus DS-5272 for two additional weeks, or vehicle control (1:1 volume of each vehicle). Two sets of experiments were performed.

Experiment I: at the end of treatments, BM and spleen cells (n=3-5/group) were collected and stained with a lineage cocktail and antibodies against SCA-1 (eBioscience, ThermoFisher Scientific), C-KIT (CD117), CD34, FcγRII/III, GR-1 (LY6G), and MAC-1 (CD11b) (all from BioLegend, San Diego, CA, USA) to measure leukemia LSK, myeloid progenitors, and myeloid cells as previously described.^[@b20-1051274]^ Peripheral blood (PB) leukemia burden was measured by total and GFP^+^ white blood cell (WBC) count (CD45^+^) and total and GFP^+^ neutrophils (Ly6G^+^) using flow cytometry. Mouse survival was recorded.

Experiment II: BM cells were collected at the end of treatments for secondary transplantation as described previously.^[@b20-1051274]^ At 16 weeks, PB engraftment was determined, and the frequency of leukemia long-term hematopoietic stem cells (LT-HSC) was calculated. Green fluorescent protein (GFP) positivity and BCR-ABL1 RNA levels in BM cells from mice that received 0.25×10^6^ cells/mouse were determined.

Statistical analysis
--------------------

Results are expressed as mean±standard error of the mean. *P*\<0.05 was considered statistically significant (two-sided Student *t*-test). Correlation coefficient was determined by Pearson correlation analysis. Mouse survival was estimated by the Kaplan-Meier method and data were analyzed using the log-rank test. LT-HSC frequency was calculated using the Extreme Limiting Dilution Analysis software program (*<http://bioinf.wehi.edu.au/software/elda/>*).^[@b32-1051274]^

Results
=======

BCR-ABL1 oncogene increases the expression of p53 and p53 targets
-----------------------------------------------------------------

To determine p53 expression and p53 signaling in hematopoietic cells of CML mice and compare with those of controls, we collected BM cells from Tet-off CML and Tet-on control Scl-tTa-*BCR-ABL1* FVB/N mice, and determined the RNA levels of p53 and its target genes by RT-PCR. We found that BCR-ABL1 induction significantly increased *Trp53 (p53)* RNA and that of its target genes including *Bax, Pmaip1 (Noxa), Mdm2*, and *Cdkn1a* (*p21*) ([Figure 1A](#f1-1051274){ref-type="fig"}) (*P*\<0.001 for all genes analyzed), supporting oncogenic induction of p53.

![Expression of p53 and target genes in Tet-off chronic myeloid leukemia (CML) and Tet-on control mice. (A) RNA levels of *Trp53* (also shown in the insert) and its target genes in Tet-off CML and Tet-on control mouse bone marrow (BM) cells, determined by Taq-Man real-time polymerase chain reaction (RT-PCR). (B) Heat map and cell subset clusters by RPhenoGraph based on mouse cell surface markers (upper) and protein expression of p53 and p53 targets in BM cells of Tet-off and Tet-on mice, shown by RPhenoGraph (constructed from all the samples in each group) (lower panel) determined by CyTOF mass cytometry analysis. (C) Heat map showing protein expression of p53 and target genes in individual Tet-off CML and Tet-on control mouse BM CD45^+^ (bulk) and lineage-SCA-1^+^C-KIT^+^ (LSK) cells as determined by CyTOF mass cytometry, quantified by FlowJo software, and expressed in ArcSinh. BM cells were collected from mice 3-4 weeks after tetracycline cessation (Tet-off) (n=6) or from age-matched controls (Tet-on) (n=5).](1051274.fig1){#f1-1051274}

We next stained BM cells from Tet-off and Tet-on Scl-tTa-BCR-ABL1 FVB/N mice with a panel of metal-tagged antibodies for cell surface and intracellular proteins (*Online Supplementary Table S3*) and performed CyTOF mass cytometry analysis. Following Cytofkit unsupervised subset detection based on RPhenoGraph clustering algorithms, expression of various proteins was determined in bulk CD45^+^ and LSK (cluster 9, pink circle) cells (see [Figure 1B](#f1-1051274){ref-type="fig"}). We found increased levels of p53 and its targets, including NOXA, MDM2, and p21 in CD45^+^ and LSK cells from Tet-off BM cells compared with their Tet-on counterparts, as displayed by RPhenoGraph ([Figure 1B](#f1-1051274){ref-type="fig"}) as well as in a heat map showing the expression of each protein in each individual mouse ([Figure 1C](#f1-1051274){ref-type="fig"}). We previously reported that BAX, another target of p53, was also higher in BM CD45^+^ and LSK cells from Tet-off CML mice compared to that in control mice.^[@b20-1051274]^

To demonstrate that increased expression of p53 and its target proteins also occurs in newly-diagnosed CML-CP patients, we first performed RT-PCR using RNA isolated from fresh BM samples of patients (n=5) (*Online Supplementary Table S1*) and normal controls (n=6). Although there were high individual variations, overall BM cells from CML patients expressed higher levels of RNA representing p53 signaling proteins compared with those from normal controls, with statistically significantly higher *BAX* (*P*=0.009) and markedly higher *PMAIP1 (NOXA)* (*P*=0.06) ([Figure 2A](#f2-1051274){ref-type="fig"}).

![Expression of p53 and target genes in samples from patients with chronic phase chronic myeloid leukemia (CML)-CP and normal bone marrow (BM) controls (NBM). RNA and protein lysates were prepared from freshly collected samples and CML samples were obtained from untreated newly diagnosed CML-CP patients. (A) RNA levels of *TP53* and its target genes in CML patient samples (n=5) and NBM controls (n=6), determined by Taq-Man real-time polymerase chain reaction. (B) p53 and BAX protein levels in CD34^+^ cells of NBM (n=5) or of untreated newly diagnosed CML-CP patients (n=7) were determined by western blot analysis and the correlation of the two proteins in patient samples was shown. MWM: molecular weight markers. Error bars indicate standard error of the mean.](1051274.fig2){#f2-1051274}

We next isolated CD34^+^ cells from fresh BM or PB samples of newly-diagnosed CML patients (n=7) (*Online Supplementary Table S1*) and fresh BM samples from normal controls (n=5) and obtained sufficient material for determining p53 and BAX protein levels by western blot analysis. We found that CD34^+^ cells from CML-CP patient samples expressed statistically significantly higher p53 (*P*=0.019) and, although non-significant, higher BAX protein levels, and that p53 and BAX levels in the CML-CP samples were highly correlated (R^2^=0.58, *P*=0.002) ([Figure 2B](#f2-1051274){ref-type="fig"}). Note among the seven CML-CP samples tested, sample \#6, that had the lowest levels of p53 and BAX, was a PB sample. All of the other samples were derived from BM. All the normal controls were derived from BM.

Bone marrow lineage-SCA-1^+^C-KIT^+^ cells from chronic myeloid leukemia mice are sensitive to BH3 peptide-induced apoptosis
----------------------------------------------------------------------------------------------------------------------------

Induction of apoptosis is one of the major functions of p53, which occurs primarily through transcriptional activation of pro-apoptotic BCL-2 family proteins such as BAX and NOXA. Our previous study of the overexpression of BCL-2 proteins^[@b20-1051274]^ and the present assessment of increased p53 signaling in the BM of CML mice suggested that CML cells are protected from cell death, but possibly could still have a propensity for p53-mediated apoptosis. Consequently, they could be more sensitive to BH3 peptides than normal controls. To test this, we treated BM cells from Tet-off CML (n=6) and Tet-on control (n=5) mice with various BH3 peptides in order to assess the pool of sequestered pro-apoptotic, BH3-only proteins (priming) in CD45^+^ and CD45^+^LSK cells. Owing to the limited number of cells available in the LSK population, priming results were calculated for only those samples in which sufficient LSK cells (\>10 cells) were measured (n=5 for Tet-off and n=2 for Tet-on).

Although the variations were large, (likely due, in part, to limited cell numbers in some samples), CML mouse BM CD45^+^ cells tended to be more sensitive to the BH3 pep- to limited cell numbers in some samples), CML mouse BM CD45^+^ cells tended to be more sensitive to the BH3 peptides tested, but were statistically significantly more sensitive than cells from control mice to the NOXA peptide (*P*=0.044) ([Figure 3A](#f3-1051274){ref-type="fig"}). CML mouse BM LSK cells overall were statistically significantly more sensitive to BH3 peptides, especially to BIM (*P*=0.034) and NOXA (*P*=0.00052), than were controls ([Figure 3B](#f3-1051274){ref-type="fig"}). These results indicated that CML cells, and stem/progenitor cells, were more sensitive to BH3 peptide-induced apoptosis than controls.

![Priming analysis of bone marrow (BM) cells from Tet-off chronic myeloid leukemia (CML) and Tet-on control mice to BH3 peptides. BM cells were treated with various BH3 peptides (PUMA, 10 mM; all others, 100 mM) for 2 hours and 15 minutes. CD45^+^ or lineage-SCA-1^+^C-KIT^+^ (LSK) cells were analyzed using flow cytom-etry after the cells were stained with JC-1 and priming was calculated for each peptide. Error bars indicate standard error of the mean. BM cells were collected from mice 3-4 weeks after tetracycline cessation (Tet-off) (n=6) or from age-matched controls (Tet-on) (n=5). (A) Results of CD45^+^ cells (n=6 for Tet-off and n=5 for Tet-on). (B) Results of LSK cells (n=5 for Tet-off and n=2 for Tet-on).](1051274.fig3){#f3-1051274}

Combined activation of p53 and inhibition of BCR-ABL1 demonstrates strong anti-leukemia activity and inhibits leukemic lineage-SCA-1^+^C-KIT^+^cells in chronic myeloid leukemia mice
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Bone marrow cells from Tet-off Scl-tTa-*BCR-ABL1*/GFP mice were injected into irradiated recipient FVB/N mice. After confirming the development of neutrophilic leukocytosis in PB (4 weeks after cell injection), mice were untreated, or treated with imatinib, DS-5272, or the combination, following the scheme shown in [Figure 4A](#f4-1051274){ref-type="fig"}. At the end of the 4-week treatments, BM and spleen cells were collected (n=3-5 from each group) and leukemia hematopoiesis was analyzed. Flow cytometry analysis showed that the number of GFP^+^LSK cells was significantly reduced in the BM in all treatment groups compared to controls ([Figure 4B](#f4-1051274){ref-type="fig"}). The combination was the most effective (*P*=0.002 *vs*. control; GFP^+^LSK cell numbers in combination was 14.9% of that in control group) and was statistically significantly better than imatinib alone (*P*=0.037) ([Figure 4B](#f4-1051274){ref-type="fig"}). The combination also statistically significantly decreased the number of GFP^−^LSK cells (*P*=0.026 *vs*. control), but to a much lesser degree, and GFP^−^LSK cells in the combination treated group was 38.5% of that in the control, suggesting that a therapeutic window exists for the respective treatments (*Online Supplementary Figure S1A*).

![Effects of combined activation of p53 by MDM2 inhibition and inhibition of BCR-ABL1 by imatinib *in vivo*. (A) Experimental scheme. (B) The combination of the MDM2 inhibitor DS-5272 (DS) and imatinib (IM) significantly decreases chronic myeloid leukemia (CML) lineage-SCA-1^+^C-KIT^+^ (LSK) frequency, increases p53 signaling in CML LSK cells, and reduces leukemia cells in various cell subsets in mouse bone marrow (BM). (C) The combination of DS and IM significantly decreases CML LSK frequency and reduces leukemia cells in various cell subsets in the mouse spleen. The analysis was carried out in cells collected at the end of the treatments. Con: control. (B and C) N=3, 4, and 4 for IM, DS, and IM+DS treatment groups; respectively. In the control group, n=5 for measuring CML cell numbers in various populations, and n=4 for determining protein levels by CyTOF mass cytometry.](1051274.fig4){#f4-1051274}

We determined the levels of p53 and its target proteins in the LSK cell population by CyTOF mass cytometry and observed some increases in these proteins, particularly significant increases of NOXA in the combination group and BAX in the DS-5272-treated group ([Figure 4B](#f4-1051274){ref-type="fig"}). BAX level was also increased in the combination group, but did not reach statistical significance ([Figure 4B](#f4-1051274){ref-type="fig"}). Imatinib and the combination also statistically significantly decreased the number of GFP^+^ WBC, common myeloid progenitor (CMP) cells, and mature myeloid cells, and granulocyte-monocyte progenitor (GMP) cells were not significantly affected by the treatments ([Figure 4B](#f4-1051274){ref-type="fig"}) at this time point.

Although we did not observe decreased spleen leukemic hematopoiesis by imatinib (but rather some increase) or DS-5272, the combination statistically significantly reduced leukemia GFP^+^LSK ([Figure 4C](#f4-1051274){ref-type="fig"}), while neither single agent alone, nor their combination, statistically significantly altered the number of GFP^−^LSK in mouse spleen (*Online Supplementary Figure S1B*). In addition, the combination also statistically significantly decreased GFP^+^CMP cells in spleen and tended to reduce leukemia WBC and mature myeloid cells ([Figure 4C](#f4-1051274){ref-type="fig"}). Again, the treatments did not affect GMP cells in the spleen.

Mice that received DS-5272 were treated for only two weeks during the second half of the treatment ([Figure 4A](#f4-1051274){ref-type="fig"}). Although DS-5272 by itself did not statistically significantly decrease CML cells in several cell populations, it greatly enhanced the activity of imatinib, especially in suppressing GFP^+^LSK cells, both in BM and spleen.

To further assess the anti-leukemia activity of each agent and the combination, we determined circulating leukemia at the end of and at 7 and 11 weeks after treatments by flow cytometry measurement of GFP^+^ total WBC and GFP^+^ neutrophils. As shown in [Figure 5A](#f5-1051274){ref-type="fig"}, at the end of the treatments, all treated groups had statistically significantly fewer GFP^+^WBC and neutrophils compared with the control group (*P*\<0.001), and the combination was statistically significantly more effective than imatinib (*P*\<0.01 for both WBC and neutrophils) or DS-5272 alone (*P*\<0.01 for WBC and *P*=0.0264 for neutrophils; left panel). At 7 weeks after treatments, only the combination group demonstrated statistically significant decreases in GFP^+^WBC (*P*=0.0134) and GFP^+^ neutrophils (*P*=0.0139) compared with the control group (middle panel). At 11 weeks after treatments, although all treatment groups still showed lower leukemia burden compared with controls, no statistical significance was reached (right panel). However, only 50% (7 of 14) of mice in the control group, compared to 60% (6 of 10) in the imatinib-treated group, 67% (10 of 15) in the DS-5272-treated group, and 71% (10 of 14) in the combination treatment group, remained alive at the end of treatment.

![Anti-leukemia activity of combined activation of p53 by MDM2 inhibition and inhibition of BCR-ABL1 by imatinib in a mouse model of chronic myeloid leukemia (CML). (A) Leukemia burden in each treatment group at the end of treatments and 7 and 11 weeks (wk) after treatments was assessed using flow cytometry measuring total GFP^+^ white blood cell (WBC) count and neutrophils in mouse peripheral blood (PB). Con: control; IM: imatinib; DS: DS-5272. (B) Kaplan-Meier curves for overall survival. Each dot/mark represents the result from an individual mouse; d: days.](1051274.fig5){#f5-1051274}

Treatments greatly improved overall survival in CML-bearing mice (*P*=0.0066) ([Figure 5B](#f5-1051274){ref-type="fig"}). Although not statistically significant, the median overall survival for the DS-5272 or imatinib group was 211 and 249 days, respectively; both were markedly longer than that of the untreated control group (141 days). The mice treated with the combination had a median overall survival of 326 days, which was statistically significantly longer than that of the control (*P*=0.001), the imatinib-treated (*P*=0.039), and the DS-5272-treated (*P*=0.047) groups. The mice seemed to tolerate the treatments well. No obvious weight loss was observed in the treated mice (*Online Supplementary Figure S2*).

These data indicated that, like imatinib, inhibition of MDM2 by DS-5272 also had anti-leukemia activity in CML, and the combination had significantly more than each agent alone. The mice treated with the combination had deeper and longer lasting responses, suggesting that combined inhibition of MDM2 and BCR-ABL1 may target CML stem cells.

Combined inhibition of MDM2 and BCR-ABL1 targets chronic myeloid leukemia stem cells in BCR-ABL1 transgenic mice
----------------------------------------------------------------------------------------------------------------

To determine whether combined inhibition of MDM2 and BCR-ABL1 targeted CML stem cells, we carried out another set of experiments (see [Figure 4A](#f4-1051274){ref-type="fig"}). At the end of treatments, BM cells were obtained from each group for the secondary transplantation. Unfortunately, we did not obtain sufficient cells from the DS-5272 treatment group and the secondary transplantation was conducted using only cells from the untreated control and imatinib or imatinib/DS-5272 treated mice. The number of mice with evidence of engraftment in PB at 16 weeks was determined by flow cytometry. Engraftment was defined as GFP levels \>1% (above the background levels in the PB of FVB/N mice without cell injection).

[Figure 6A](#f6-1051274){ref-type="fig"} shows the percentage of GFP^+^ cells in PB samples of mice injected with various amounts of cells from mice treated with different agents. Based on the engrafted and total mice transplanted in each group, we calculated the leukemia LT-HSC frequency. The CML LT-HSC frequency was statistically significantly different among the groups (*P*=0.0039) ([Figure 6A](#f6-1051274){ref-type="fig"}), and statistically significantly decreased by the combination treatment compared with imatinib alone (*P*=0.0131) or the untreated control (*P*=0.0012). No statistically significant difference was observed between imatinib-treated and untreated groups (*P*=0.38), as expected. For every LT-HSC detected in the combination-treated group, three times as many cells were detected in the imatinib group, and four times as many cells were detected in the control group.

![Effects of combined inhibition of MDM2 and BCR-ABL1 on chronic myeloid leukemia (CML) stem cells *in vivo* after secondary transplantation. (A) Green fluorescent protein (GFP) positivity (top panels) and numbers of engrafted *versus* total transplanted mice and leukemia long-term hematopoietic stem cell (LT-HSC) frequency (lower panel) are shown at 16 weeks after secondary transplantation in peripheral blood (PB) of mice injected with various cell dilutions for each treatment group. (B) GFP positivity at 16 weeks after secondary transplantation in bone marrow (BM) of mice injected with 0.25×10^6^ cells/mouse in each treatment group, as well as BM *BCR-ABL1* RNA levels in these mice. Each dot/mark represents the result from an individual mouse. M: one million cells.](1051274.fig6){#f6-1051274}

We also collected BM cells from mice that received 0.25×10^6^ cells/mouse and determined GFP positivity by flow cytometry and BCR-ABL1 RNA levels by RT-PCR. As shown in [Figure 6B](#f6-1051274){ref-type="fig"}, engraftment rates in BM were similar to those in PB samples ([Figure 6A](#f6-1051274){ref-type="fig"}). The number of mice showing markedly lower BM BCR-ABL1 RNA levels (3 logs lower than that in controls) was consistent with the number of mice with GFP \<1% in both BM and PB samples ([Figure 6B](#f6-1051274){ref-type="fig"}).

Discussion
==========

Effectively treating patients with blast crisis CML, and eradicating CML stem cells to achieve cures and prevent disease progression to blast crisis, are two major challenges facing CML therapy. We previously reported that combination of TKI with a MDM2 inhibitor enhanced apoptosis induction in not only proliferating but also quiescent blast crisis CML progenitor cells *in vitro*.^[@b27-1051274]^ In the current study, we investigated if this combination strategy has the potential to target CML stem cells and improve cure rates in CML-CP.

Using an inducible transgenic Scl-tTa-BCR-ABL1 mouse model, we demonstrated that CML and CML stem/progenitor cells have increased p53 signaling and are more sensitive to BH3 peptide-induced apoptosis. This increase was further validated in samples obtained from patients with newly-diagnosed CML compared with normal BM controls, indicating oncogenic induction of p53. This observation supports the idea that CML cells have a propensity to death induction, and activation of p53 by MDM2 inhibition sensitizes CML to TKI. Indeed, we demonstrated that combined inhibition of MDM2 and BCR-ABL1 activated p53 signaling, targeted CML stem/progenitor cells, prolonged mouse survival, and decreased CML LT-HSC.

In contrast to the report by Abraham *et al*.,^[@b24-1051274]^ we found increased levels of p53 and several of its targets in CML BM cells compared to those from normal controls, in both mouse models and human samples. These findings are consistent with a previous report that the BCR-ABL1 fusion protein in CML cells promotes p53 accumulation, but antagonizes its activity by modulating the p53-MDM2 regulatory loop.^[@b33-1051274]^ A recent study also showed that CD34^+^ progenitor cells from CML-CP patients expressed statistically significantly higher phosphorylated p53 (Ser15) compared to CD34^+^ cells from health donors.^[@b34-1051274]^

We found that pro-apoptotic BAX and NOXA were increased in CML cells compared with normal controls. BCR-ABL1 is known to up-regulate anti-apoptotic proteins such as MCL-1 and BCL-XL to support CML cell survival. We previously reported higher anti-apoptotic BCL-2 levels in CML cells and LSK cells in the same mouse model.^[@b20-1051274]^ These anti-apoptotic BCL-2 proteins likely antagonize the pro-apoptotic BCL-2 proteins tilting the balance towards cell survival, which makes CML cells more dependent on anti-apoptotic BCL-2 proteins. This notion is consistent with our results showing that BM CD45^+^ cells and LSK cells from the CML mice were more sensitive to BH3 peptide-induced apoptosis than those cells from the control mice. Furthermore, it was previously reported that, although imatinib does not directly affect p53 levels, it abrogated nutlin-3-induced p21,^[@b35-1051274]^ which is known to block the cell cycle and suppress apoptosis.^[@b36-1051274]^

We were able to detect increased p53, NOXA, and BAX in CML LSK cells from mouse BM treated with DS-5272, or the combination, 24 hours after treatments. The short in vivo half-life of DS-5272 may contribute to the diminished induction of p53 and its target proteins. It is important to point out that although TKI are inactive against CML stem cells, they do inhibit BCR-ABL1 activity in these cells.^[@b6-1051274]^ The balance of pro- and anti-apoptotic proteins decides cell death or survival. Activation of p53-induced apoptotic signaling by MDM2 inhibition together with inhibition of BCR-ABL1-regulated survival pathway by TKI likely push CML cells/stem cells towards death. This is supported by our previous study in blast crisis CML demonstrating that nutlin3a induced p53 and pro-apoptotic proteins PUMA and BAX, while nilotinib suppressed BCR-ABL1 signaling and decreased anti-apoptotic proteins BCL-XL and MCL-1, and that their combination synergistically induced cell death even in blast crisis CML cells resistance to TKI.^[@b27-1051274]^ Wendel *et al*. reported that loss of p53 hampers the anti-leukemia response to BCR-ABL inhibition in a BCR-ABL1 transgenic mouse model,^[@b37-1051274]^ suggesting that activation of p53 signaling may enhance TKI activities in CML.

You *et al*. recently demonstrated that JNJ-26854165, another MDM2 inhibitor, is active in CML cells through promoting BCR-ABL proteosomal degradation, independent of p53.^[@b38-1051274]^ This is not surprising since several reports have shown p53-independent anticancer activity of JNJ-26854165.^[@b39-1051274]--[@b41-1051274]^ DS-5272, derived from a candidate MDM2 inhibitor by chemical modifications to improve its potency and physicochemical property, is a highly selective and potent MDM2 inhibitor.^[@b42-1051274]^ Although we cannot state that DS-5272 works entirely in a p53-dependent manner, especially since MDM2 has functions other than antagonizing p53, its use alone or in combination with a TKI increased p53, NOXA, and BAX, suggesting that it functions, at least in part, through increasing the p53 signaling.

Tyrosine kinase inhibitors have been proven to be highly effective in controlling CML, but in most cases they do not cure the disease. Although imatinib significantly deceased CML LSK cells in BM at the end of the treatment in the transgenic mouse model, the combination was more effective. Imatinib had no effect on spleen leukemia LSK. The different effects of imatinib on BM and spleen CML LSK is not clear and it may involve microenvironmental factors. However, the combination also significantly decreased spleen CML LSK cells. Importantly, imatinib by itself did not significantly reduce leukemia LT-HSC frequency in second transplantation, but rather did so only when combined with DS-5272. Similarly, nilotinib itself also did not decrease leukemia LT-HSC frequency in a second transplantation, as shown in our previous study.^[@b20-1051274]^

The mechanism of BCR-ABL1-driven p53 activation is not fully understood. However, BCR-ABL1-mediated hyper-proliferative signals likely contribute to the activation. The combination of MDM2 inhibition and TKI profoundly prolonged overall survival in our mouse model. In addition to modulating apoptosis regulators, other pathways may also be involved. For example, it was reported that TKI nilotinib inhibits MDM2 and induces a p53-independent apoptosis by down-regulating XIAP.^[@b43-1051274]^ Kojima *et al*.^[@b44-1051274]^ showed that inhibition of MDM2 with nutlin decreased CXCL12 in stromal cells, a critical component of the BM microenvironment that supports leukemia-BM microenvironment interactions and confers drug resistance. Furthermore, whether mouse immunity is regulated by the combination treatment is unknown, which warrants future investigation.

Data from this study, together with our previous report in blast crisis CML,^[@b27-1051274]^ demonstrate that combined inhibition of MDM2 and BCR-ABL1 tyrosine kinase can target CML cells and CML stem/progenitor cells, and it has the potential to overcome TKI resistance and significantly improve outcomes in CML. Furthermore, we have demonstrated that BCL-2 is a key survival factor of CML stem cells, and targeting BCL-2, combined with a TKI, had the potential to eradicate CML stem cells.^[@b20-1051274]^ Adding a MDM2 inhibitor, which activates p53 and induces pro-apoptotic BCL-2 proteins to the combination, will likely further improve the therapeutic potential for patients with CML, which certainly warrants future clinical investigations.
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